A novel biosensor based on a myoglobin/gold nanoparticles/carbon spheres (Mb AuNPs CNs) 3-D architecture bioconjunction has been fabricated for the determination of hydrogen peroxide (H 2 O 2 ). Cyclic voltammetry (CV), Fourier transform infrared (FT-IR) spectroscopy and scanning electron microscopy (SEM) were used to characterize the bioconjunction of the AuNPs CNs with Mb. Experimental results demonstrate that the AuNPs CNs hybrid material is more effective in facilitating electron transfer of the immobilized enzyme than CNs alone, which can be attributed to the unique nanostructure and larger surface area of the bioconjunction. The biosensor displayed good performance for the detection of H 2 O 2 with a wide linear range from 0.28 μmol/L to 116.5 μmol/L and a detection limit of 0.12 μmol/L. The Michaelis-Menten constant K M app value was estimated to be 0.3 mmol/L. The resulting biosensor exhibited fast amperometric response, and good stability, reproducibility, and selectivity to H 2 O 2 .
Introduction
The design of mediator-free third generation enzyme electrodes, which enable the detection of chemical/ biological molecules by a direct electron transfer between the enzyme and the conjoint electrode, is of considerable interest and importance. Extensive work has been carried out with redox protein films over the past few decades in order to find methods to increase the electron transfer rate between enzyme and electrode [1 8 ]. For example, a variety of carbonbased materials such as carbon nanotubes (CNTs) [9 11 ] and carbon nanofi bers (CNFs) [12, 13] have been successfully employed for the direct electron transfer of proteins in fi lms. Their properties of hydrophilicity, nontoxicity, excellent film-forming ability, and remarkable biocompatibility offer excellent prospects for biocompatible immobilization matrices and the design of novel biosensors. Carbon spheres (CNs), with similar electrochemical properties to CNTs, are spherical structures with a carbonized core and a hydrophilic surface. The complete surface of the carbon spheres can be activated by synthesis using aqueous glucose solutions [14] . Carbon spheres have a large functionalized surface available for loading with noble metal nanoparticles and binding with proteins due to the large number of functional groups furnished by the starting materials. Moreover, the cavities in carbon spheres may provide a protective microenvironment for the enzymes, facilitating retention of their stability and activity. In contrast, the use of CNTs in biosensors is limited by the fact that their closed shell does not allow for a high degree of functionalization [9, 15] . Therefore, carbon spheres may be of more interest since they have potential advantages for many advanced applications. To our best knowledge, only a few studies of the use of carbon spheres in electrochemical immunoassay have been reported [16] . Such limited attention is not consistent with the remarkable properties and potential merits of carbon spheres. Myoglobin (Mb) is a single-chain protein of 153 amino acids containing a heme (iron-containing porphyrin) group in the center which is found in mammalian skeleton and muscle tissues. Mb functions physiologically in the storage of oxygen and in the enhancement of the rate of oxygen diffusion, and has catalytic activity for H 2 O 2 decomposition similar to horseradish peroxidase [17, 18] . It is an ideal model molecule for the study of electron transfer reactions of heme proteins and also for biosensing and biocatalysis. However, the direct electron transfer between the redox center of the immobilized enzyme and an electrode is often shielded by the insulating outer protein shell [19] . Because of their controllable size and functional surface, carbon spheres act as meso-scale connectors to bind the enzyme and enhance the possibility of direct electron transfer between protein and electrode surface. Furthermore, a core-shell hybrid material fabricated by coating carbon spheres with citrate-stabilized gold nanoparticles (AuNPs) can optimize the use of carbon spheres in fabricating an immunosensor [16] . Therefore, exploitation of this hybrid material for construction of a Mb-based mediator free H 2 O 2 biosensor is a promising area of research.
In the work described here, Mb was immobilized on such a hybrid material to form a myoglobin/ gold-nanoparticles/carbon spheres (Mb AuNPs CNs) 3-D architecture bioconjunction that can be assembled on a glassy carbon electrode (GCE) for the construction of a novel biosensor. Scanning electron microscopy (SEM) was used to monitor the fabrication process and FT-IR was employed to investigate the conformation. This proposed strategy for the preparation of the hybrid material is simple and effective. The direct electrochemistry and analytical performance of the resulting biosensor in the determination of hydrogen peroxide have been investigated.
Experimental

Reagents
Glucose (analytical purity) was purchased from Beijing Chemical Reagent Factory. Mb (from horse heart) was obtained from Sigma Chemical Co., and used as received. Chloroauric acid (HAuCl 4 ·4H 2 O), trichloroacetic acid (TCA), trisodium citrate, and hydrogen peroxide (H 2 O 2 , 30%, w/v solution) were obtained from Shanghai Chemical Reagent Co. Poly(diallyldimethylammonium chloride) (PDDA, 20%, w/w in water, MW = 200,000 350,000) was from Sigma-Aldrich Chemical Co. Nafion, a 5 wt% solution in a mixture of lower aliphatic alcohols and 20% water, was obtained from Aldrich. All chemicals were of analytical grade and used without further purifi cation.
The 0.1 mol/L phosphate buffer solutions (PBS) with different pH values were prepared by mixing stock standard solutions of Na 2 HPO 4 and NaH 2 PO 4 and adjusting the pH with 0.1 mol/L H 3 PO 4 or NaOH. A 0.20% PDDA solution was prepared by diluting 20% PDDA with 20 mmol/L Tris and 20 mmol/L NaCl solution. A 0.5% Nafi on solution was prepared by diluting the 5% Nafion solution with ethanol. Electrochemical impedance spectroscopy (EIS) experiments were performed in 0.1 mol/L KCl solution containing 10.0 mmol/L Fe(CN) 6 3− / Fe(CN) 6 4− (1:1). All aqueous solutions were prepared with distilled water.
Apparatus and measurements
Scanning electron micrographs (SEM) were obtained with a Hitachi S4800 scanning electron microscope. Nano Research recorded on a Vector 22 FT-IR spectrometer (Bruker). Static water contact angles were measured at 25°C by a contact angle goniometer (Rame-Hart-100) employing drops of pure water. The readings were stabilized and taken within 120 s after addition. Powder X-ray diffraction (XRD) data were collected on a Shimadzu XD-3A X-ray diffractometer (Cu K radiation, = 0.154 18 nm). Electrochemical measurements were performed on a CHI 630 electrochemical workstation (Chenhua, Shanghai, China) with a conventional threeelectrode system comprising a platinum wire as the auxiliary electrode, a saturated calomel electrode (SCE) as the reference and a modified GCE as the working electrode. EIS analyses were performed with an Autolab PGSTAT12 (Eco Chemie BV, The Netherlands) and controlled by GPES 4.9 and FRA 4.9 software with a three-electrode system.
Preparation of Mb AuNPs CNs bioconjuction
The hybrid material AuNPs CNs were synthesized according to Ref. [16] . CNs were synthesized in aqueous glucose solutions via a microwavehydrothermal route. The CNs were then dispersed in PDDA solution and stirred for 20 min. After centrifugation and rinsing three times in distilled water, the resulting CNs were then dispersed in a Au colloid solution and stirred for another 20 min.
AuNPs CNs hybrids (15 mg) or CNs were dispersed in a solution of Mb (2 mg/mL) and stirred for 24 h to allow protein adsorption. The resulting materials were then centrifuged and washed three times with 0.1 mol/L PBS (pH 6.0). By calculating the difference in the concentration of the protein before and after adsorption, we found that about 268 μg of Mb was immobilized onto each mg of AuNPs CNs hybrid in the the fabrication of the Mb AuNPs CNs 3-D architecture bioconjunction.
Preparation of biosensors based on Mb AuNPs CNs and Mb CNs
A GCE with a diameter of 3 mm was fi rst polished to a mirror surface with a 0.05 μm -Al 2 O 3 slurry, and then successively ultrasonicated in distilled water and ethanol. The cleaned electrode was dried with a stream of nitrogen immediately before use. 19.1 mg Mb AuNPs CNs bioconjunction or Mb CNs hybrid material was redispersed in 1 mL of 0.1 mol/L PBS (pH 6.0), and 5 μL of these suspensions were deposited on the surface of a pretreated GCE. They were then left to dry at 4 °C. 0.5% Nafion solution was then added for encapsulation. The electrodes were stored for 24 h at 4 °C when not in use.
Results and discussion
Characterization of the Mb AuNPs CNs hybrids
In order to confirm the assembly of AuNPs on the CNs, the materials were investigated by SEM. Figure  1 Figure 1(c) shows the energy-dispersive (EDS) analysis of the AuNPs CNs hybrids. The atomic percentages of carbon and gold are 73.4% and 4.0%, respectively. What is also worth noting is that the atomic percentage of oxygen is 18.1%, suggesting the presence of oxygen-containing functional groups from the starting materials.
Figure 1(d) shows the X-ray diffraction pattern of the AuNPs CNs hybrids. All the diffraction peaks can be indexed to a typical face-centered cubic (fcc) lattice, in good agreement with the standard pattern for metallic Au. The diffraction peaks at 2 = 38.3°, 43.5°, 65.0°, and 77.7° can be assigned to the (111), (200), (220), and (311) refl ections of Au.
Contact angle measurements were carried out in order to investigate changes in the properties of the carbon sphere surfaces after immobilization of AuNPs. As shown in Figs. 1(e) and 1(f), the CNs and AuNPs CNs gave contact angles of 47.5° and 33°, respectively. The hybrid material shows a lower contact angle, indicating a better hydrophilic surface for enzyme adhesion, which should improve the biocompatibility of the electrode surface and facilitate retention of enzyme activity.
Mb entrapped in the composite film was Fig. 2(a) ). This indicates that the essential features of the native Mb secondary structure were m o s t l y re t a i n e d i n M b AuNPs CNs, implying that the porous structure of the hybrid offers a protective microenvironment allowing Mb to retain its enzymatic stability and activity. probe showed an electron transfer resistance of about 17 Ω (curve A in Fig. 2(b) ). When the GCE was modified by carbon spheres (curve D in Fig. 2(b) ), the diameter of the semicircle increased to 309 Ω. The AuNPs CNs hybrid (curve B in Fig. 2(b) ) showed far less resistance with the semicircle diameter being 177 Ω, suggesting the hybrid has an excellent electrical conductivity. When Mb was immobilized on the AuNPs CNs hybrid (curve C in Fig. 2(b) ), the electron transfer resistance was slightly increased to 259 Ω. Owing to the dielectric behavior of enzyme molecules for interfacial electron transfer processes, the higher enzyme coverage will result in a higher barrier for interfacial electron transfer. These data confi rm that Mb had been successfully immobilized on the AuNPs CNs hybrid and blocked the electron exchange between the redox probe and the electrode.
Direct electron transfer of the biosensor
Figure 3(a) shows typical cyclic voltammograms (CVs) for CNs/GCE, Mb CNs/GCE, AuNPs CNs/ GCE, and Mb AuNPs CNs/GCE at a scan rate of 0.2 V/s. No obvious redox peaks were observed at the CNs/GCE (curve A) and AuNPs CNs/GCE (curve C), which suggests that neither CNs nor AuNPs CNs were electroactive in the potential range studied. The CV of Mb CNs/GCE (curve B) had a pair of quasi-reversible redox peaks, implying direct electron transfer between the immobilized Mb and the electrode. In comparison, the redox peaks observed on the Mb AuNPs CNs/GCE (curve D) were remarkably large. The cathodic and anodic peak potentials were 0.399 V and 0.338 V, respectively. The formal potential (E p ), calculated from the average value of cathodic and anodic peak potentials, was 0.369 V, which is characteristic of the reversible electrode process of the heme Fe(III)/Fe(II) redox couple in immobilized Mb. The potential difference between cathodic and anodic peak potentials of 61 mV at this scan rate implies a high speed of the electron transfer process for the electroactive center of the immobilized Mb. Therefore, it can be concluded that direct electron transfer between the Mb and electrode is greatly enhanced by the presence of the AuNPs CNs hybrids which provide a biocompatible microenvironment for the entrapped Mb. Figure 3 (b) displays the CVs of Mb AuNPs CNs/ GCE with varying scan rates from 0.05 to 0.5 V/s. The cathodic and anodic peak currents of Mb both increased with increasing scan rates, and the cathodic and anodic peak potentials showed a slight shift and the peak to peak separation also increased. As shown in the inset of Fig. 3(b) , both the cathodic and anodic peak currents increased linearly with scan rates from 0.05 to 0.5 V/s. This indicates that the electron transfer between Mb and GCE is not difficult and that it is a surface-controlled electrochemical process. According to the Laviron method for a surfacecontrolled electrochemical system [20] , the apparent heterogeneous electron transfer rate constant (k s ) of Mb immobilized on Mb AuNPs CNs/GCE was estimated to be about 6. . This value is an order of magnitude higher than that of the theoretical monolayer coverage (1.58 × 10 11 mol/cm 2 ) estimated on the basis of the crystallographic dimensions of 3.0 nm × 3.5 nm × 2.3 nm for Mb [21] , assuming each molecule has its long axis parallel to the electrode surface. This suggests that the matrix may trap multiple layers of Mb and greatly facilitate approach of its active site to the electrode. The dependence of the electrochemical behavior of Mb AuNPs CNs/GCE on the pH was studied. As shown in Fig. 3(c) , the potentials of both reduction and oxidation peaks shifted with the increase of solution pH from 3.55 to 9.35. The pH increase led to a linear negative shift in peak potential (Fig. 3(d) ). It is well known that a pH increase can decrease the formal potentials of heme proteins that undergo proton-coupled electron transfer [22] . This redox Bohr effect, a shift in the formal potential as a function of pH, results from the change in the protonation of a water molecule at the sixth coordination position in the heme iron and also protonation of the protolytic groups around the heme with changing pH [23] . The shift in peak potentials for Mb AuNPs CNs/GCE with pH therefore indicates that the redox reaction is accompanied by the transfer of protons. The value of the slope (35 mV/pH) was smaller than the theoretically expected value, 59 mV/pH, for a one-electron one-proton reaction [24] . This may be attributed to the influence of the protonation states of the ligands coordinated to the heme iron and the amino acids around the heme, or to the protonation of the water molecule coordinated to the central iron [25] .
Electrocatalytic activity of the biosensor
The determination of H 2 O 2 is of great importance in many fields, such as clinical, food, pharmaceutical, and environmental analyses. Figures 4(a) and 4(c) show the bioelectrocatalytic activity of Mb AuNPs CNs/GCE and Mb CNs/GCE for H 2 O 2 . In the presence of H 2 O 2 , an obvious increase in the cathodic peak current at around 0.36 V was observed, together with a decrease of anodic peak current. This demonstrates that the electrocatalytic Nano Research reduction processes in Mb AuNPs CNs/GCE and Mb CNs/GCE are typical of Mb. A possible mechanism for electrocatalytic reduction of H 2 O 2 at an Mb-based enzyme electrode has been reported [26] , which can be expressed as follows: A significantly stronger peak current was observed for the CV curve for Mb AuNPs CNs compared to that for Mb CNs/GCE as shown in Fig. 4(d) . Such enhanced Faradic responses are of great importance in voltammetric investigations of interfacial electron transfer in redox proteins, and are also highly desired for development of new biosensors. The observed currents for the Mb AuNPs CNs/GCE and Mb CNs/GCE electrodes both showed a good linear relationship with the concentration of H 2 O 2 in the range 0.28 116.5 μmol/L and 14.2 72.5 μmol/L, respectively. The linear regression equations for Mb AuNPs CNs/ GCE and Mb CNs/GCE were I = 0.1189 + 0.03788C (R = 0.999, n = 18) and I = 0.4704 + 0.02528C (R = 0.995, n = 8) respectively. From the slope of 0.03788 μA/ (μmol/L), the limit of detection for Mb AuNPs CNs/GCE was estimated to be 0.12 μmol/L at a signal-to-noise ratio of 3 . Mb AuNPs CNs/GCE showed a signifi cantly better electrocatalytic response to H 2 O 2 than Mb CNs/GCE, which can possibly be attributed to the unique electronic properties of AuNPs on account of their quantum size confi nement and biocompatability.
When the concentration of H 2 O 2 was higher than 116.5 μmol/L, a response plateau was observed, showing the characteristics of the Michaelis It was also found that Mb AuNPs CNs/GCE showed bioelectrocatalytic activity for TCA. The detection of TCA is of great importance in pollution control, since it is a common organohalide environmental pollutant. In the presence of TCA a significant increase in the cathodic peak current at around 0.36 V was observed, which suggested that the biosensor also has potential use in detecting such organohalide pollutants in the environment.
Reproducibility and stability of the hydrogen peroxide biosensor
To evaluate the electrode-to-electrode reproducibility, six Mb AuNPs CNs/GCEs were prepared independently under the same conditions. The relative standard deviation (R.S.D.) of the prepared biosensors was 4.4%. The R.S.D. for six successive determinations at an H 2 O 2 concentration of 4 μmol/L was 1.9%. These results are better than the corresponding values for Mb in a ZrO 2 -grafted collagen hybrid [30] , which were 5.5% for electrode electrode reproducibility and 3.2% for successive determinations on one electrode, indicating the excellent reproducibility of Mb AuNPs CNs/GCE.
The storage stability of the Mb AuNPs CNs/GCE was also studied. When not in use, the electrode was kept at 4 °C in a refrigerator. The response to 40 μmol/L H 2 O 2 retained 93.6% of its initial current after 30 days storage. This good long-term stability can be attributed to the good biocompatibility of the composite, which can provide a favorable microenvironment for retention of the bioactivity of Mb.
Selectivity of the hydrogen peroxide biosensor
The selectivity of the new H 2 O 2 biosensor was evaluated by studying the effect of adding substances that might interfere with the determination of H 2 O 2 . The results are shown in Table 1 . When concentrations of glucose, glycine, ascorbic acid, citric acid, ethanol, and acetic acid coexisting in the sample were twice that of H 2 O 2 , no significant interference was observed, indicating that these species did not affect the determination of H 2 O 2 . The high selectivity of the Mb AuNPs CNs/GCE biosensor verified its applicability for real sample analysis.
Conclusions
In this work, carbon spheres were combined with gold nanoparticles and Mb to form a myoglobin/ gold nanoparticles/carbon spheres (Mb AuNPs CNs) 3-D architecture bioconjunction, which can be used to construct a mediator-free H 2 O 2 biosensor. The biosensor was more effective in facilitating the electron transfer of immobilized enzyme than using CNs alone, which can be attributed to the unique nanostructure and large surface area of the bioconjunction. The biosensor displayed broader linear range and lower detection limit for H 2 O 2 determination, as compared to CNs-based H 2 O 2 biosensors. Furthermore, the good long-term stability and reproducibility of this biosensor demonstrate its applicability for practical biomedical detection and environmental analysis. 
